INTRODUCTION
The outcome of inflammatory reactions is highly dependent on several macrophage activities such as the generation of eicosanoids and cytokines, the processing and presentation of antigen and the secretion of lysosomal hydrolases [1] . The latter may act to aggravate an inflammatory condition by causing tissue damage, but may also be beneficial by contributing to tissue remodelling. In the acid environment of some inflammatory foci [2, 3] , secreted degradative enzymes could be operative, in particular over a short distance, in the acid milieu created near activated macrophages [4] . Macrophages have been shown to secrete lysosomal enzymes in response to various particulate stimuli, which when injected into experimental animals induce chronic inflammatory lesions [5, 6] . A relationship between the pathogenesis of such lesions and lysosomal enzyme release has been hypothesized, and inert particles, such as latex beads, induce neither secretion nor inflammation.
The mechanisms for and regulation of the secretion of lysosomal contents in response to particulate agents are not known, but are considered to differ from those of the secretory response to soluble stimuli [7, 8] . At an inflammatory site, causative agents and cell debris are phagocytosed by a process, the regulation of which is as incompletely understood as the control of the secretory response and the fate of the forming phagosome. Secretion induced by phagocytosable stimuli could occur after the fusion of phagosomes with the lysosomal compartment, a process known to be inhibited by some intracellular pathogens [9] . In this case, expulsion of partially degraded phagosomal contents would be likely to parallel the secretion of lysosomal enzyme, and a relationship between such a process and antigen processing and presentation would be possible. On the other hand, phagocytosis is not a necessary prerequisite for lysosomal enzyme secretion, and a secretory response may occur parallel to or totally independently of phagosome-lysosome fusion. Intracellular signalling initiated by receptor occupancy could then lead to fusion of lysosomes with the plasma membrane without a need for phagocytic uptake of the particle.
Zymosan particles are yeast cell derivatives with an average was shown to be trypsin-sensitive, Ca2+/Mg2+-independent, recirculating and also present in an intracellular mobilizable pool.
Binding of ligand to the ,-glucan receptor and inhibition of the lysosomal secretory response to zymosan were both more efficient with glucans of larger size, indicating that clustering of glucan receptors at the cell surface occurs. Such clustering could stabilize ligand binding by multiple interactions and possibly trigger intracellular signalling events on binding of zymosan particles.
particle diameter of 3 /am composed mainly of the carbohydrate polymers glucan and mannan [10] . Attachment of zymosan particles to mouse macrophages has been suggested to be mediated by receptors for complement components (by interaction either with zymosan-bound C3bi or by a glucanbinding site on CR3), mannan and/or ,-1,3-glucan [11] [12] [13] [14] . It is possible that several types of receptor could mediate binding [15] and different cellular responses could be triggered by binding to specific receptors. Redundancy of receptors mediating the clearance of a specific pathogen could allow regulation of host response by modulation of cell surface receptors. Cell activation is necessary for a phagocytic response to ligation of CR3 by C3bi [16] . However, such activation is not necessary when the glucanbinding site on CR3 mediates binding [12] . Characteristics of the macrophage receptor for f-glucan and the secretion of lysosomal contents in response to zymosan particles are examined in the present paper. Fluorescence of the lysates was measured using conditions similar to those for analysis of fluorescein-conjugated dextran employed earlier [8] . In the presence of BSA, non-specific binding was negligible.
MATERIALS AND METHODS Materials
RESULTS AND DISCUSSION Concentration-and time-dependence of NAG secretion induced by zymosan particles
Early studies on macrophage function reported avid phagocytosis of, e.g., bacteria, dental plaque, asbestos fibres, zymosan and latex particles [20] . The two latter agents have been extensively used in model systems for the study of cellular responses to the phagocytic process in macrophages and other leucocytes [6, 21, 22] .
As shown in Figure 1 , macrophages secreted more than 20 NAG during the 60 min chase. The efficacy of our washing procedure was verified by phase-contrast microscopy, by which only cell-associated zymosan particles could be seen after the wash.
In Figure 2 is shown the distribution ofmacrophages according to number of cell-associated particles after a 15 min pulse at 37°C in Na-medium, pH 7.2, with zymosan particles at 50, 150 and 300 ,ug/ml. Distribution was assessed by ocular inspection of micrographs and was very similar when micrographs obtained after 60 and 120 min chase periods were compared. NAG secretion from these cells, assayed after a 120 min chase period, amounted to the amount of lysosomal enzyme secreted was not directly proportional to the number of cell-associated particles.
That an increase in the number of particles/cell above a certain level does not lead to a further increase in lysosomal enzyme secretion is indicated in Figure 3 . Cells that were preincubated for 15 min with 200 1ug/ml zymosan (open symbols) and those exposed continuously to a fivefold higher particle/cell ratio exhibited similar linear secretory responses over time. We find it highly unlikely that the phagocytic capacity of the cells would be saturated after preincubation for 15 min with 200 jug/ml zymosan particles (compare Figures 2b-2c) . We suggest that the data presented argue against a 'regurgitation during feeding' hypothesis [20] number applied with 200 ug/ml zymosan (34 x 106/ml). When 6.0 or 11.9 ,tm latex particles were applied, no secretion of NAG could be triggered without a concomitant massive release of LDH (not shown).
Inhibition of zymosan particle binding and NAG secretion by soluble glucan
Zymosan particles are mainly composed of the carbohydrate polymers glucan and mannan, and their attachment to murine macrophages has been shown to be in part mediated by receptors for 8-glucan [14, 15] . Such a receptor also exists in human phagocytes and has recently been characterized [25] [26] [27] . Earlier reports have claimed that the attachment is mediated by either Man/Fuc receptors [13] or receptors for C3b after local opsonization of the particles by macrophage-produced C3b [11] . Binding via a glucan-binding site on CR3 has also been considered [12] . The distribution of cell-associated zymosan particles after incubation in the presence of 74-glucan (50 ,ug/ml) is shown in Figure 4 . Both the number of cell-associated particles and their cellular distribution were shifted to resemble the situation after exposure to a low concentration of zymosan (Figure 2a The size of the soluble glucan was important, because preparations of glucan with a shorter average chain length caused progressively less inhibition of the secretory response (not shown).
Further characteristics of the inhibition of zymosan-induced secretion of NAG by soluble glucan are shown in Table 2 . After exposure to 200 ,ug/ml zymosan in the presence of as little as 25 ,ug/ml 74-glucan for 15 (85 %) was observed, whereas if glucan was added after exposure to zymosan (i.e. during the chase) no inhibitory effect was observed (not shown). As can also be seen in Table 2 , inhibition by 74-glucan was large even at 2.5 ,tg/ml. If zymosan was present continuously, less inhibition of secretion was observed than if secretion was monitored after a shorter exposure to zymosan and 74-glucan (Table 2) . However, increasing the concentration of 74-glucan (200,ug/ml) or lowering that of zymosan (50 ,g/ml) resulted in a greater inhibitory effect of 74-glucan even in the continued presence of zymosan. Mannan at concentrations up to 5 mg/ml had no effect on secretion (not shown). It may also be noted that the soluble 74-glucan (200 ,g/ml) by itself induced no secretory response over 3 h (not shown).
Characterization of the binding of F-MolPro-glucan to macrophages As we observed a dependence on the size of the soluble glucan for its inhibitory effect on zymosan-induced NAG secretion, sizeexclusion chromatography of F-MolPro-glucan was performed in order to generate fractions for cell-binding studies. Fractionation was performed at 4 'C on a Sephadex G-200 column after calibration with dextrans of defined Mr of 40 000 and 10000 (Figures Sa and Sb). These dextrans were well separated despite their broadly eluted peaks, as the result of either a heterogeneous size distribution of the dextrans or interaction with the bed material. Separation of F-MolPro-glucan yielded three major peaks ( Figure Sc) , the last of which probably represented free fluorescein isothiocyanate. When separation was performed in the absence of Triton X-100, in order to yield material for cellbinding studies, the first peak was eluted slightly earlier whereas the position of the second and third peaks were unchanged. When pooled fractions from these peaks were applied to macrophage cultures for 60 min at 4°C, with 0.5 % BSA present to reduce non-specific binding, approx. 30 times more F-MolPro-glucan from the first peak than the second bound, when the material added from the peaks had similar absolute fluorescence intensity (not shown). Material from the third peak did not bind to the macrophages. Separation of F-MolPro-glucans bound to cells under similar conditions, but using unfractionated F-MolProglucan, resulted in the elution profile shown in Figure 5 (d). Apparently, binding of larger F-MolPro-glucans was preferred, which is even more evident after correction (solid bars) for cellular autofluorescence. The binding of F-MolPro-glucan to cells approached saturation with respect to both dose and time ( Figure 6 ). Nonspecific binding to wells without macrophages always amounted to less than 5 % (not shown). When cells were incubated with peak-I F-MolPro-glucan, saturation was evident after approx. 60 min incubation at 4°C (Figure 6b ). Such kinetics are in agreement with previous studies on other receptor-ligand interactions [28] . As the amount of fluorescence/glucan residue is not known, it was not possible to quantify the binding in terms of receptor number. Instead, further characterization of the binding of F-MolPro-glucan with respect to dependence on bivalent cations, temperature, trypsin-sensitivity and activation/inhibition was attempted.
The binding of fractionated F-MolPro-glucan to macrophages was relatively insensitive to manipulation of the Ca2+/Mg2+ content (Table 3) . Varying the temperature revealed that the FMolPro-glucan remained bound to a large extent during a chase period of 4°C but less so at 37°C ( Table 3 ), indicating that the binding is either less efficient or rapidly reversible at higher temperatures. Binding of ligands to CR3 can be enhanced by activation of protein kinase C and is believed to result from changes in receptor avidity and/or receptor number [16, 29, 30] . The binding of F-MolPro-glucan to macrophages, however, was not affected by protein kinase C activation, but incubation with zymosan particles at 37°C resulted in an increase in F-MolProglucan binding. Unlabelled MolPro-glucan at a concentration of 25 ,tg/ml had only small effects on the binding at 4°C if applied before F-MolPro-glucan (Table 3) . Possibly, the size of the unlabelled MolPro-glucan made it unsuitable to compete for binding with the fractionated F-MolPro-glucan. Binding of FMolPro-glucan was highly sensitive to trypsin treatment (Table  3) , strongly suggesting that the binding was receptor-mediated. Furthermore, recirculation of receptors at higher temperature Table 3 Binding of F-MolPro-glucan to cells
After gel-permeation chromatography of crude F-MolPro-glucan performed in the absence of Triton X-100, macrophage cultures were incubated for 60 min with F-MolPro-glucan collected from the first peak (at 11-16 ml), which was slightly shifted to the left compared with separation in the presence of Triton X-100 (Figure 4c ). BSA (0.5%, w/v) was present to minimize nonspecific binding, and experimental conditions for preincubation and chase were as indicated. Incubation with F-MolPro-glucan was at 4°C, unless otherwise specified. Specific binding of F-MolPro-glucan is expressed as the percentage of that bound to cells in the same experiment not subjected to the special conditions indicated but otherwise similarly treated. 
Concluding remarks
Zymosan particles may trigger secretion of lysosomal enzymes by either (a) intracellular signalling triggered by receptor ligation in a manner independent of particle uptake or (b) mechanisms related to the handling of the particles in the endocytic pathway. In the former currently most widely accepted mechanism, any lysosomal structure might be engaged and direct fusion of lysosomes with the plasma membrane would be feasible. In the latter case, secretion would be expected to occur subsequent to phagosome-lysosome fusion and be related to the process of antigen presentation. A maximal secretory response was obtained at a rather low zymosan particle/cell ratio and was inhibitable by soluble glucan. The parallel inhibition of the cell association of zymosan particles by glucan suggests that unopsonized zymosan binds to a glucan receptor of resident peritoneal mouse macrophages and by this interaction triggers a secretory response. The lack of effect of mannan on either binding or secretory response is in accord with the reported low expression of mannose receptors on resident macrophages [15] . Such expression is dependent on the phenotypic state of the macrophage and is subjected to immunological regulation [31] . Other, less specific, receptors are likely to interact with zymosan particles as well as with latex particles, but no secretory response was triggered by such non-specific interaction. The receptor for fl-glucan was shown to be trypsin-sensitive, Ca2+/Mg2+-independent and not induced by protein kinase C activation. The two latter characteristics distinguish this receptor from the mannose receptor and CR3 respectively. Local opsonization of zymosan particles by C3bi allowing zymosan-CR3 interaction [11] appears unlikely in view of our results. A role for a glucan-binding site on CR3 [12] in macrophage-zymosan interactions cannot be ruled out, however.
Binding of ligand to a fl-glucan receptor depended on the size of the ligand. As the preferred unit ligand has been reported to be a heptaglucoside [26] , multiple receptor-ligand interactions could strengthen the binding of larger glucan molecules or zymosan to the cell. Multivalent ligands may cause clustering of receptors and possibly thereby transmission of signals to the cytoskeleton and other cellular components. Evidence for an internal pool of glucan receptors includes mobilization after trypsin treatment and up-regulation by treatment with zymosan particles. Recirculation of receptors and regulation of receptor expression on the cell surface is analogous to the reported function of other receptors [28] [29] [30] [31] . Trypsin-sensitivity and internalization of soluble glucan bound to mouse peritoneal macrophages were recently demonstrated [32] .
A knowledge of the macrophage f-glucan receptor is crucial not only because of its role in fungal infections, but because signalling by this receptor has been shown to have immunomodulatory roles [33] [34] [35] [36] , and, furthermore, its phagocytic function is sensitive to immunomodulation [37] . Preparations of f,-glucan have been used for many years in the treatment of certain forms of human cancer [12] , and current clinical trials suggest that /J-glucan-receptor ligands enhance non-immune resistance to infection [34] . 
